Mevalonic acid-2-'4C was readily incorporated into the free, esterified, and glycosidic sterol fractions of tobacco (Nicotiana Labacum L. var 
ester. The reverse order was observed for cholesterol and stigmasterol (group II). Light stimulated the incorporation of mevalonic acid-2-'4C into the group I free sterols and during the first 6 to 9 hours into the steryl esters of group II. The increase in specific radioactivity of the group It steryl esters was followed by a decline. Based on time course studies it is suggested that the group II steryl esters turn over rapidly and that light influences the rate of turnover.
Phytosterols occur in higher plants as free sterols, steryl esters of fatty acids, and as steryl glycosides. Changes in sterol composition during germination and seedling development have been studied in Zea mays (18) , Brassica napus (15) , and Nicotiana tabacum (5) . Sterol analysis during germination and development of tobacco revealed that there was an increase in the free sterol and steryl ester content, with increases in stigmasterol and campesterol accounting for most of it (5) . It was proposed that the increase in stigmasterol was the result of a light-stimulated process occurring in conjunction with shoot development. Bush et al. (6) have further shown that in barley a shift in free sterol composition accompanies the transition from etiolated to green shoots and a similar shift was also observed in the nonacylated and acylated steryl glycoside fractions. In the steryl ester fraction, however, the proportions of the four major sterols differed from those in the free sterol fraction and did not shift in response to light. This suggested that in barley shoots, the free and esterified sterols were not in simple equilibrium (6 (4) (5) (6) 14) . Based on changes in the intracellular distribution of sterols in response to light (12), Kemp et al. (18) have proposed that the phytosterols are transported from their site of synthesis to the various intracellular organelles as esters.
The experiments reported in this paper were performed to study the incorporation of MVA4-2-'4C into the various sterol fractions of tobacco seedlings and into the individual sterols within these fractions. The effect of fluorescent light on MVA-2-`4C incorporation was also investigated.
MATERIALS AND METHODS
Tobacco Germination and MVA-2-'4C Incorporation. Tobacco seeds (Nicotiana tabacum L. var. Burley 21) were germinated for 6 days on Whatman No. 3 filter paper as previously described (5) . Condition for germination was a 14-hr photoperiod at 27 C. For MVA-2-'4C (purchased from Tracerlab, Waltham, Mass.) incorporation studies, the filter paper on which the tobacco seeds were germinated was cut into 5-cm squares, and each square was put in a separate Petri dish (3 Petri dishes per set); 1.0 ml of MVA-2-'4C was added to each Petri dish (0.46 ,uc and 0.30 ,tmole MVA per dish) followed immediately by 9.0 ml of 10 mm phosphate buffer (pH 6.6) containing 0.1 mM Penicillin G. After the desired incubation period, the seedlings were collected in a Buchner funnel and washed with 2 liters of distilled water. A portion of the seedlings was removed for dry weight determination at 100 C for 24 hr, and the remaining seedlings were used for sterol analysis.
Extraction and Fractionation of Sterols. Tobacco seedlings were homogenized in acetone with fine glass beads in an Omnimixer for 5 min at full speed. The homogenate was extracted with acetone in a Soxhlet apparatus for 24 hr. The acetone extract was taken to dryness in vacuo at 45 C; the residue was taken up in 50 ml of 95% ethyl alcohol and partitioned three times against an equal volume of n-hexane. The pooled n-hexane fraction contained the free sterols and the steryl esters. The alcohol fraction contained the steryl glycosides. The free sterols and steryl esters were separated according to the method of Goodman (10) . The column (1.8 X 7 cm) was packed with 5 g of silica gel (70-325 mesh) as a slurry in n-hexane. Serial elution was carried out as follows: 50 ml of n-hexane followed by 50 ml of 10% benzene in n-hexane (discarded), 100 ml of 40% benzene in n-hexane (steryl es-'Abbreviations: GLC: gas liquid chromatography; MVA: mevalonic acid. 110 ters), 50 ml of benzene (discarded), and 100 ml of chloroform (free sterols). The steryl esters and steryl glycosides were hydrolyzed and extracted (5) , and the sterols were precipitated with digitonin (17) .
The digitonide precipitates were cleaved with pyridine containing cholestane as the internal standard and quantitatively analyzed by gas chromatography (13) . The GLC system consisted of an F & M Model 402 gas chromatograph equipped with a flame ionization detector, effluent stream splitter, and a Hewlett Packard integrator Model 3370 A. A 1.80 m U-shaped glass column (6 mm internal diameter) was packed with Anakrom ABS 80/90 mesh coated with 5% OV-101. Corrections were made for differences in detector response (13) .
Determination of Specific Radioactivity. The individual sterols were collected from the GLC using the effluent stream splitter. The sterol fractions were made up in 15 ,ul of ethyl acetate. Sterols collected and analyzed in this manner yielded one peak on reinjection into the gas chromatograph. Known quantities were removed for quantitation by GLC and de- (Fig. 1B ) extractable components of tobacco seedlings. In the light, there was an initial rapid incorporation of radioactivity into the acetone fraction; however, after 6 to 9 hr the rate of incorporation decreased to nearly zero. In the dark, a somewhat slower initial rate of incorporation but a similar decrease in the rate was observed. MVA-2-'4C incorporation into the n-hexane extractable fraction (1B) was also stimulated by light, and the initial rapid rate of incorporation was followed by a decline. In dark-incubated seedlings, however, there was a linear increase in radioactivity over the 12-hr test period. No definite reason for the decline in the rate of MVA-2-'4C uptake (Fig. 1, A and B) can be suggested; however, combustion in 100% oxygen of the 12-hr samples, using a modified Kalberer and Rutschmann system, accounted for only 3% of the total "4C-label supplied.
In a previous study it was reported that the sterol content increased during seedling development, commencing at 3 to 4 days (5); therefore, the incorporation of MVA-2-'4C into the free, esterified, and glycosidic sterols was studied (Fig. 2) . At incubation periods of less than 6 hr, the free sterol fraction had a higher specific radioactivity than the steryl ester or steryl glycoside fraction, but after 7 to 9 hr the steryl ester fraction had a higher specific radioactivity. The specific radioactivity of the steryl glycosides approached that of the free sterols after 12 hr of incubation. However, after 12 hr, on a dry weight basis, the free sterol fraction contained more total radioactivity than the steryl ester or steryl glycoside fractions (Table I ). The specific radioactivity of the individual sterols is also given in Table I , and the four major sterols accounted for 82%, 22%, and 65% of the radioactivity in the free, esterified, and glycosidic sterol fractions, respectively. These results indicate the presence of a highly active minor component in the steryl ester fraction, possibly a 4,4-dimethyl or a 4-a-methyl sterol. For further elucidation, the steryl ester fraction after alkaline hydrolysis was spotted on a thin layer chromatography Silica Gel G plate and developed in chloro- On a specific and total radioactivity basis, MVA-2-14C was preferentially incorporated into free campesterol and sitosterol (Table I) . A smaller proportion of the total radioactivity was found in free cholesterol and stigmasterol. Since cholesterol was present at relatively low quantities (5), its specific radioactivity was of the same order as that of campesterol and sitosterol. The specific and total radioactivity associated with stigmasterol was unexpectedly low, since it had been reported that stigmasterol increases at the greatest rate during tobacco seedling development (5) .
In tobacco seedlings, unlike bean seedlings (20) , radioactivity from MVA-2-14C was incorporated into the 4-desmethyl sterols after 1 hr of incubation (Fig. 2) . Since the sterol composition was found to change during seedling development (5), the incorporation of MVA-2-'4C into the individual sterols was followed in the free and esterified sterol fractions (Fig.  3). Figures 3, 4 , and 5 are the average of two experiments and part of the data of Figure 3 is shown in Figures 4 and 5 . The radioactivity associated with the sterol glycosides, even after 12 hr, was very low (Table I) ; therefore, it was not experimentally feasible to obtain specific radioactivities for the individual sterol glycosides at incubation periods of less than 12 hr. At incubation periods of 6 hr or less, cholesterol in the esterified form had the highest total and specific radioactivity of the four major phytosteryl esters (Fig. 3) . At incubation periods greater than 6 hr, most of the radioactivity in the ester fraction was associated with the sitosteryl ester (Table I) , but the stigmasteryl ester had the highest specific radioactivity (Fig.  3) . In contrast to esterified sitosterol, esterified cholesterol had a higher specific radioactivity than the free form (Fig.  3) . Esterified cholesterol showed a marked rise and fall, which was not found in the free sterol fraction. On the other hand, sitosterol at short incubation periods had a higher specific radioactivity in the free form, with the esterified sitosterol becoming labeled at longer incubation periods. The time course of incorporation of MVA-2-14C into campesterol was similar to sitosterol, while incorporation into stigmasterol was similar to cholesterol. When the individual sterol fractions were examined, it was found that light stimulated the incorporation of MVA-2-"C into the steryl esters, but had little effect on the '4C incor- poration into the free sterol fraction (Table II) . There was a large variation in the specific radioactivity of the sterol glycosides from experiment to experiment and, therefore, it is not possible to generalize about the influence of light. The effect of light on the incorporation of MVA-2-'4C into the individual sterols was most pronounced in the steryl esters (Fig.  4) . The most striking effect was the initial high specific radioactivity of the cholesteryl esters in seedlings exposed to light.
Since the rate of MVA-2-14C uptake decreases to nearly zero after 6 hr (Fig. 1) , the amount of MVA-2-"C at the site of cholesterol synthesis may have become limiting. Incorporation of MVA-2-'4C in the dark resulted in a higher specific radioactivity of stigmasteryl esters than in seedlings exposed to light. In the free sterol fraction (Fig. 5) , light slightly stimulated MVA-2-"C incorporation into campesterol and sitosterol and slightly inhibited incorporation into cholesterol, but there was no effect on the incorporation of MVA-2-'5C into stigmasterol.
DISCUSSION
Steryl esters have been found in many higher plant tissues (18, 20, 21) ; however, their physiological significance has never been explained. It has been postulated that steryl esters might serve in the transport of sterols (12, 18) . Alternatively Goad (9) suggested that the steryl esters might be associated with the synthesis of phytosterols. If steryl esters are involved in sterol transport, then one would expect the steryl esters in plants fed MVA-2-14C to become radioactive only after the free sterols were labeled. If, however, the esters are intermediate metabolites in sterol biosynthesis, then one would expect the radioactivity to be associated with the steryl esters prior to the free sterols. The data in Figure 2 partly support the first hypothesis; that is, at short incubation periods more radioactivity was associated with the free sterol fraction than with the steryl ester fraction. Knapp and Nicholas (21) have also found that at short incubation periods most of the radioactivity from MVA-2-14C was associated with the free sterol fraction.
If one considers the incorporation of MVA-2-14C into the individual sterols (Fig. 3) , a pattern emerges which creates doubt about the sterol transport hypothesis. Time course of MVA-2-'4C incorporation into the individual sterols showed that at short incubation periods cholesterol and stigmasterol had a higher specific radioactivity in the ester than in the free form (Fig. 3) . During the same period, campesterol and sitosterol had higher specific radioactivity in the free than in the ester form. These results suggest that cholesterol and stigmasterol are either synthesized as the steryl ester, or may be so rapidly esterified at the site of synthesis that very little is present in the free sterol pool. Campesterol and sitosterol, on the other hand, may be synthesized first and subsequently esterifled. Bennett and Heftmann (3) have found that cholesterol was readily esterified when applied to the leaves of Digitalis plants. However, neither cholesterol nor sitosterol appeared to be extensively esterified when applied to tobacco seedlings (unpublished results). It is proposed that the four phytosterols can be divided into two groups, and according to this hypothesis, campesterol and sitosterol (group I) are synthesized at one site or via one pathway, whereas cholesterol and stigmasterol (group II) are synthesized at another site or pathway.
Free sterols are required for the isolation of intact and functional chloroplast fragments (4) and the 3-hydroxy group of the phytosterol is required for membrane stabilization (14) . Sterol analysis of roots from hydroponically grown etiolated barley seedlings (14) and wheat roots grown in sand culture (D. L. Davis, unpublished results) indicate that the group I (18, 19) reported that most of the esterified cholesterol was associated with the shoots of maize and that the chloroplastic and nuclear fractions had a higher cholesteryl ester content than the other cellular fractions. Cholesteryl esters, which constitute a large portion of the intracellular lipid droplets (22, 23) , serve as intermediates in the biosynthesis of steroids in the adrenal cortex of rats (1, 7, 22) . Recently, Behram et al. (1, 2) proposed that the presence of cholesteryl ester containing lipid droplets are required for steroidogenesis, and that the utilization of these cholesteryl esters is the rate-limiting step in steroid synthesis. By analogy, it may be proposed that the group II sterols are synthesized as, or rapidly converted to steryl esters and then become associated with the lipid droplets of the cell where they may serve as a reserve pool for further steroidogenesis.
The presence of a sterol esterase which is required for sterol ester biosynthesis has never been demonstrated in higher plants (9) . Attempts to demonstrate its presence in vitro using tobacco seedlings were hindered by the presence of very active steryl glycoside synthesis (unpublished results). When fed to the intact seedling, neither free cholesterol nor free sitosterol appeared to be esterified, but when seedlings were fed MVA-2-4C, the steryl ester fraction became highly labeled after 6 to 12 hr (Figs. 2 and 3 ). MVA-2-'4C studies showed that incorporation into the various sterol fractions was stimulated by light (Table II) . Light had a different effect on the sterols in group I when compared to those in group II (Figs. 4 and 5) . The incorporation of MVA-2-'4C into the free sterols of group I was generally stimulated by light, while incorporation into the esters of this group was not. The increase in activity of the group I free sterols may be due to increased availability of MVA-2-'4C at the site of synthesis (Fig. 1) .
In the group II sterols light stimulated an initial rapid increase in MVA-2-14C incorporation into the cholesteryl esters. A somewhat smaller increase in activity was also observed with stigmasteryl esters. In both cases this increase was followed by a decline in specific radioactivity (Fig. 3) . In order for this decline to occur, the group II steryl esters probably had a fast turnover rate.
In addition to stimulating the turnover rate, light may also affect the balance of the group II steryl esters. In the presence of light an initial rapid increase in MVA-2-14C incorporation into cholesteryl esters and a somewhat smaller increase into stigmasteryl esters occurred (Fig. 4) . But in the dark, at short incubation periods, little MVA-2-'4C activity was associated with the group II steryl esters. After 6 to 9 hr, however, stigmasteryl esters did show an increase in radioactivity while cholesteryl esters did not. It seems that light, therefore, favored cholesteryl ester formation and prolonged darkness favored stigmasteryl ester formation.
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